INTRODUCTION
Ca2+ channels have been suggested to play major roles in the initiation of a large number of signal transduction processes in higher plant cells, including bud formation, polar growth, gas exchange regulation, secretion, movements, and light-regulated and hormone-regulated growth and development (Hepler and Wayne, 1985; Leonard and Hepler, 1990) . Activation of Ca2+ channels allows transmembrane fluxes of Ca2+. These Ca2+ fluxes result in elevation of the cytosolic Ca2+ concentration from resting levels of approximately 150 nM to "excitatory" levels greater than 300 nM to 400 nM. This rise in cytosolic Ca2+ triggers numerous cell biological processes by modulation of protein kinases, ion channels, and other cellular control proteins (Leonard and Hepler, 1990) . Early indications of Ca2+ channel action during signal transduction in plants were obtained in studies of cytokinin-induced budding in funaria, using Ca2+ ionophores and pharmacological blockers of voltage-dependent mammalian Ca2+ channels Hepler, 1982, 1983) . Until recently, however, direct evidence for plant Ca'+ channels was lacking, with the exception of data indicating voltage-dependent Ca2+ channel activation in algae (Williamson and Ashley, 1982; Tazawa et al., 1987) .
Recent advances have demonstrated that severa1 types of Ca2+ channels exist in higher plant cells, which are regulated by membrane-associated and intracellular control mechanisms (Alexandre et al., 1990; Schroeder and Hagiwara, 1990) . Figure 1 shows that these Ca2+ channels belong to two general classes of ion channels: plasma membrane Ca2+ channels, which allow Ca2+ influx from the cell wall space into the cytosol, and Ca2+ release channels located in the membrane of intracellular organelles, which allow release of stored Ca2+. In addition, new results suggest that both Ca2+ influx and Ca'+ release occur within the same cell type.
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PLASMA MEMBRANE CA2+ CHANNELS

Voltage-Dependent Ca2+ Channels
Pharmacological studies on numerous signal transduction processes and microelectrode studies on rapid touchsensitive responses in Mimosa pudica (sensitive plant) and Dionaea muscipula (Venus flytrap) have suggested that activation of voltage-dependent Ca2+ channels may be required for triggering cellular responses (Figure 1 ) (Hepler and Wayne, 1985; lijima and Sibaoka, 1985; Hodick and Sievers, 1988) . However, direct evidence for voltage-dependent Ca2+ channels and insights into their regulation are currently lacking in higher plant cells.
Abscisic Acid-Activated Ca2+-Permeable Channels
Research on guard cells has cast light on early events in signal transduction of higher plant cells (Schroeder and Hedrich, 1989; Mansfield et al., 1990) . Voltage-dependent potassium channels in guard cells (Schroeder et al., 1984) have been shown to be regulated by a network of cellular mechanisms, which includes elevation in the cytosolic Ca" concentration (Schroeder and Hagiwara, 1989; Schroeder and Hedrich, 1989) . Severa1 studies have suggested that Ca2+ influx plays a crucial role in initiating abscisic acid (ABA)-induced stomatal closure during water stress (Mansfield et al., 1990) . Measurements using Ca2+ indicator dyes have shown that ABA can trigger an elevation in the cytosolic Ca2+ concentration of guard cells (McAinsh et al., 1990) . Application of patch-clamp techniques in conjunction with Ca2+ dyes has revealed that ABA-induced cytosolic Ca2+ elevations are variable and that Ca2+-permeable channels in the plasma membrane contribute to rises in cytosolic Ca2+ (Schroeder and Hagiwara, 1990) . Interestingly, these ABA-activated ion channels were shown to be nonselective, apparently allowing K+ efflux along with Ca2+ influx (Figure 1 ).
An additional property of ABA-activated Ca'+-permeable channels is that they activate and inactivate repeatedly in Plasma membrane Ca2+ channels include, from left to right, voltage-dependent Ca2+ channels (VDCC), abscisic acid-activated (ABA) Ca2+-permeable channels, and membrane stretch-activated channels. Ca" release channels include inositol 1,4,5-trisphosphate-activated (InsP3) Ca2+ release channels and Ca2+-activated Ca2+ release channels.
concert within a single guard cell during continuous ABA application, giving rise to transient elevations in the cytosolic Ca2' concentration (Schroeder and Hagiwara, 1990 ). This repetitive activation pattern suggests that intermediate coupling mechanisms may be required between ABA exposure to the guard cell and ion channel opening ( Figure  1 ). The transient nature of ABA-induced Ca2+ elevations (Schroeder and Hagiwara, 1990) as well as the Ca2+ activation process of anion channels, which has been proposed to require additional transduction mechanisms (Schroeder and Hagiwara, 1989) , suggest that initial rises in cytosolic Ca2+ may suffice to prime guard cells for stomatal closing.
Stretch-Activated Channels
lon channels that are activated by stretching of the plasma membrane ( Figure 1 ) have been found in several plant cell types (Hedrich and Schroeder, 1989; Tester, 1990) . These stretch-activated channels have been suggested to act as osmoregulatory feedback sensors and as sensors for mechanical perturbations of plants (Edwards and Pickard, 1987; Schroeder and Hedrich, 1989; Braam and Davis, 1990) . A detailed study in yeast demonstrated that one class of stretch-activated channels is permeable to Ca2+ ions (Gustin et al., 1988) . In plants, current data suggest that several types of stretch-activated channels exist with different ion selectivities, including channels with a permeability to Ca2+ (Edwards and Pickard, 1987; Schroeder and Hedrich, 1989; Cosgrove and Hedrich, 1990) . A clear demonstration of the physiological function of stretchactivated channels in higher plant cells is still lacking.
Biochemical Studies of Plant Ca2+ Channel
Components
In animal systems, voltage-dependent calcium channels have been shown to play a major role in several cellular functions. Three subtypes of Ca2+ channels (T, N, and L type) have been identified that can be distinguished by their biophysical and pharmacological properties (Hess, 1990) . L-type Ca2+ channels can be modulated by pharmacological drugs referred to as calcium channel agonists or antagonists. These compounds include chemically distinct series of molecules such 1,4-dihydropyridines (e.g., nitrendipine and nifedipine), phenylalkylamines (e.g., verapamil and methoxyverapamil [D600]), diltiazem, and bepridil. These drugs exert their effects by binding to distinct allosterically coupled drug receptors that have been shown to reside in the a1 subunit (155 kD to 200 kD) of the calcium channel complex (for review, see Campbell et al., 1988) . In higher plants, in contrast, little is known regarding the molecular components of Ca2+ channels, although calcium channel blockers inhibit a variety of physiological responses. Phenylalkylamines and bepridil are the most efficient inhibitors found to date for higher plants ( Andrejauskas et al., 1985; Graziana et al., 1988; Harvey et al., 1989) , whereas dihydropyridines or diltiazem are biologically active in mosses and algae (Conrad and Hepler, 1988; Dolle and Nultsch, 1988) . High-affinity membrane receptors for these compounds have been identified (Andrejauskas et al., 1985; Graziana et al., 1988; Harvey et al., 1989; Thuleau et al., 1990) . Site occupancy of plasma membrane receptors by antagonists results in the inhibition of calcium uptake into carrot protoplasts (Graziana et al., 1988) .
Membrane-bound proteins retaining the ability to bind verapamil have been solubilized and partially purified from maize coleoptile membranes (Harvey et al., 1989) . Partia1 purification of these membrane proteins resulted in four polypeptides with apparent molecular masses of 169 kD, 100 kD, 70 kD, and 66 kD. Although it was not demonstrated which of these peptides is involved in verapamil binding, the 169-kD peptide was suggested as the binding protein because of the similarity in molecular mass to the (1.1 subunit of the animal receptor. More recently, a 75-kD plasma membrane protein has been identified in carrot cell membranes that binds with a high affinity to an azido derivative of phenylalkylamine (Thuleau et al., 1990) . This protein retains its ability to bind the ligand upon solubilization. Whether the 75-kD peptide participates in calcium channel functioning remains to be determined.
CA2+ RELEASE CHANNELS
lntracellular organelles act as stores for Ca2+, with organellar Ca2+ concentrations of approximately 1 O4 times higher than the free Ca2+ concentration in the cytosol. Therefore, the opening of Ca2+ channels in the organelle membrane results in Ca2+ release and subsequent elevation in the cytosolic Ca2+ concentration (Figure 1) .
To date, the presence of only one type of Ca2+ release channel has been demonstrated clearly in higher plant cells (inositol 1,4,5-trisphosphate [InsP3]-activated Ca2+ chan-
InsP3-Activated Ca2+ Channels
In animal cells, enzymatic cleavage of phosphatidylinositol bisphosphate lipids results in the production of InsP3. lnsP3 functions as a cytosolic second messenger by stimulating Ca2+ release from the endoplasmic reticulum (Berridge and Irvine, 1989) . Whether higher plants also utilize InsP3 production for stimulus-response coupling has not yet been determined clearly, although partia1 evidence for the involvement of InsP3 in plant signal transduction has been gained in several systems (Boss, 1989; Irvine, 1990) . For example, lnsP3 has been shown to stimulate Ca2+ efflux from higher plant vacuoles in various tissues (Schumaker and Sze, 1987; Ranjeva et al., 1988; Irvine, 1990) . Ca2+ flux studies on red beet microsomes have shown that heparin, which binds to the lnsP3 receptor in animal cells, inhibits microsomal InsP3-mediated Ca2+ release (Brosnan and Sanders, 1990) . Patch-clamp studies of red beet vacuoles have demonstrated that lnsP3 specifically activates Ca2+ channels in the tonoplast (Alexandre et al., 1990) . The inositol phosphate specificity and Ca2+ selectivity of InsP3-activated channels show that lnsP3 can trigger Ca2+ release by opening of these tonoplast Ca2+ channels. Ca2+ release via these channels may polarize the vacuolar membrane to potentials as low as -1 O0 mV because of the divalent nature of Ca2+, in contrast to the recently suggested -200 mV (Sanders et al., 1990) , which would result from treatment of Ca2+ as a monovalent cation. The physiological function of these InsP3-activated channels remains unknown in red beet vacuoles.
In guard cells, where Ca2+ has been suggested as a trigger for reducing stomatal pore apertures (Schroeder and Hedrich, 1989; Mansfield et al., 1990) , microinjection of InsP3 was found to induce an elevation in the cytosolic Ca2+ concentration and stimulate stomatal closing (Gilroy et al., 1990) . Microinjection of InsP3 into guard cells was shown further to inhibit K+ uptake channels (Blatt et al., 1990) , which correlates to findings that cytosolic Ca2+ elevation inhibits these K+ channels (Schroeder and Hagiwara, 1989) . The physiologically central question of whether ABA or one of a number of other stimuli of stomatal closing trigger InsP3-dependent Ca'+ release in guard cells remains to be determined. nel [ Figure I ] ; Alexandre et al., 1990) . Measurements of cytosolic Ca2' in guard cells have led to the preliminary suggestion that an additional type of Ca'+ release channel may reside in the membrane of intracellular organelles. This Ca2+ release channel would be activated by elevated cytosolic Ca2+ concentrations, thereby acting as a positive feedback mechanism for Ca2+ elevations (Gilroy et al., 1990; Schroeder and Hagiwara, 1990) . Further studies will be required to verify this proposition and to determine which organelles may participate in Ca2+-activated Ca2+ release (Figure 1 
